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编者 按 ， 本 文 内 容 系 1979 年 10 月 16 日 澳大利亚 蛋白 质 化 学 考察 组 一 行 来 昆 
it, 坚 尔 本 大 学 生物 化 学 系 里 琦 教授 在 屁 明 动物 研究 所 记 作 的 学 术 报 告 。 里 琦 教 
提 回 国 后 将 这 个 报告 的 内 容 进 行 了 整理 ， 写 成 了 “ 豆 根 癣 血红 蛋白 的 结构 与 进 
化 ", 寄 给 我 刊 。 豆 根 靖 血红 蛋 当 与 高 等 动物 的 血红 爱 魏 ， 山 红 蛋 委 在 结构 与 功 
能 上 都 有 联系 。 为 此 ， 本 文 将 对 深入 地 探讨 血红 蛋白 、 册 红 蛋 自 的 结构 、 功 能 
与 演化 以 及 研究 方法 的 选择 都 有 所 帮助 。 益 特 将 里 琦 教授 的 原文 刊 出 ， 册 本 刊 
副 主编 其 妇 夫 同志 将 其 摘要 译 成 了 中 文 附 在 原文 后 面 。 


LEGHAEMOGLOBINS, STRUCTURE AND EVOLUTION 


S. J. LEACH, J. G. R, HURRELL*, N. A, NICOLA** 
and K. R, THULBORN*** 


Russell Grimwade School of Biochemistry, 
University of Melbourne, 
Parkville Victoria 3052 Australia, 


RUNNING HEAD, Structure and Evolution of Leghaemoglobins 


The work described here was supported by grants to S, J, Leach from the 
Australian Research Grants Committee; this review was presented on October 
16, 1979, as a lecture at the Kunming Institute of Zoology of the Academia 
Sinica, to scientists and research workers from Colleges and Institutes in and 


around Kunming in Yunnan Province, People's Republic of China, 


ABSTRACT 


Leghacmoglobins have been isolated from various plant sources and compared 
with respet to their structural and immunochemical properties, The sources were 


soybean (three cultivars), trifolium (three cultivars), snake bean, broad bean, 
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lupin and serradella, The properties examined included immunochemical cross- 
reactivity, absorption, thermal difference and circular dichroism spectra and 
the effects of ligand binding on these spectra, Tentative amino acid sequences 
for two new soybean leghaemoglobins are reported, 

Their consistently high a—helix contents (60—70%) suggest an overall 
molecular folding for the leghaemoglobins which is similar in all cases and 
like that of the higher myoglobins and haemoglobins, The haem moiety, 
however, is oriented in a different manner to the higher myoglobins, is less 
tightly associated with the protein “pocket” and the pocket is more accessible 
to waters these differences would explain some of the unusual ligand—binding 
properties including the high oxygen affinity of the leghaemoglobins, There is 
complete immuno—cross—reactivity within groups of leghaemoglobins isolated 
from the same plant and between cultivars (species) of a tribe, The cross— 
reactivity between tribes varies considerably, and quantitative measurements by 
a competitive radioimmunoassay technique have enabled us to place the repre- 
sentatives examined, in phylogenetic relationship to each other, The unexpected 
extent to which cross—reactivity is attenuated within and between species and 
tribes, is explicable in terms of the extensive amino acid replacements which 


have occurred during the evolution of leguminosac, 


INTRODUCTION 


For the privilege and pleasure of visiting Research Institutes in the people's 
Republic of China, my colleagues and I are indebted to the Academia Sinica 
and the Australian Academy of science, Our visit forms part of a scientific 
exchange programme agreed upon by our two Governments, The vigour of 
chinese science and the hospitality of our chinese hosts will leave us with a 
lasting determination to maintain scientific contacts to our mutual benefit, In 
this lecture, I shall present the findings of our laboratory in recent years on 
the chemistry and immunochemistry of leghaemoglobins from various plants, 
Our viewpoint is that of the protein chemist and I am sure that this limitation 
will become obvious as I proceed) 

It has been amply demonstrated that nitrogen fixation demands not only 
the presence of Rhizobial bacteroids, but also leghaemoglobin, an oxygen-binding 
haemoprotein, whose globin is coded for in the plant genome and whose haem 
moiety is synthesized by the bacteroids, The triggering signal forcomm- 
encement of synthesis is the initiation of a successful symbiotic relationship 
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between plant and rhizobium and results in a membranous sac of leghaemoglobin 
around the bacteroids attached to the roots of leguminous plants, We had been 
told that the concentration of leghaemoglobin in the tissue was comparable 
with that in mammalian heart muscle tissue—about 1 mM, However, the 
affinity of leghaemoglobin for oxygen is about 20 times greater than that of 
mammalian myoglobins, The concentration of gaseous (unbound) oxygen in the 
nodule is accordingly maintained at an extremely low level, These facts no 
doubt explain how the bacteroids acquire their oxygen for respiration and ATP 
production and thence reduction of atmospheric nitrogen; the nitrogenase system 
for the latter process is probably protected from the toxic effects of oxygen 
by the extraordinarily high oxygen affinity of the leghaemoglobins present. 

Implicit in this explanation is aonther question which has attracted our 
atiention and that of others, “what structural features of the leghaemoglobin 
account for this high oxygen affinity?” The work in our laboratory centred 
about this question and about the related question “what are the evolutionary 
relationships between the Lb's and their vertebrate and invertebrate cousings 
the Mb's and Hb's9” 

To introduce the second problem, Figure 1 (P.356)shows an abbreviated 
genealogical view of the globin family. 

Trees such as this, sometimes in considerably more detail, have been 
produced not only for the globins but for cytochrome c's, for proteases, 
lysozymes, insulins and several other gene products,{1,23 The most complete 
picture is always produced by amino acid sequence analysis of contemporary 
proteins, From such data the evolutionary history of a protein can be retraced 
step by step by postulating the most ‘jogical' network of ancestral proteins which 
gave rise to them, 4) Unfortunately, there is very little systematic protein 
sequence data on plant proteins, let alone on proteins from the leguminosae 
with which one may extend phylogenetic trees into the plant kingdom, Notable 
in this context is the work of Bouller on plant cytochrome c's(5Jand plasto- 
cyanins,661 

Elifolk has pioncered investigations on the amino acid sequences of leg- 
haemoglobins from soybeant?, 8) and kidney bean,C9) while Richardson et af 419 
have determined the sequence of a leghaemoglobin from broad bean and Ego- 
rovell? that on a lupin leghaemoglobin, In this paper we will present some 
data on sequences from two other leghaemoglobins from soybean and will discuss 
their significance in relation to evolutionary changes in Leghaemoglobin confor- 


mation and function, 
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Figs 1. Genealogical tree of the globin family, abbrevisted from Goodman et aif 4). 


Evolutionary relationships between species can often, however, be traced 
more rapidly and conveniently, if less precisely, by examining immunological 
properties, In particular, one or more proteins serving the same function in 
each species can be tested for the extent of their immuno—cross—reactivity. 
This approach has served to confirm the phylogenetic relationships among a 
wide range of species containing cytochrome c, 412) of birds producing lysozy~ 
mes(i3) and of various species for lactic dehydrogenases S14) Klotzf153 reported 
some early comparisons using whole seed extracts and confining his attention 
to the phaseoleae, In our paper we will report the results of some immunoche- 
mical studies among the leguminosae using single gene products, namely leg- 
haemoglobins, as genetic indicators within and between different cultivars, tribes 


and genera, 
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Finally, we shall discuss some important conformational features of the 
leghaemoglobin molecule which distinguish them from the animal myoglobins 
and haemoglobins, The overall molecular geometry of the oxygen—carrying 
haem proteins changes remarkably little in passing from mammals through 
invertebrates to plants, as indicated by the molecular models illustrated in 


Figure 2, 
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Fig. 2. Molecular conformations 
(deduced from X—ray 
diffraction studies) of 
some globins of Fig. 1 
representing various 


evolutionary stages. 





LAMPREY GLYCERA 


Species as widely divergent as humans, chironomus (a midge), lamprey, 
glycera (a worm) and lupin produce globin chains which are similar though 
not identical in size, helix content and disposition, The time span of about 700 
million years over which this generalization held true, was extended to 1200 
million years (the estimated time for the plant—animal divergence) by the 


recent X—ray crystallographic work of Vainshtein et a/,[16) on lupin leghae- 
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moglobin, The similarity in general molecular folding is all the more remark- 
able in view of the extensive changes in amino acid sequence which have 
occurred during the evolutionary divergence; only 2 out of 145 amino acids 
remain invariant among the 55 globins represented by the 7 sample structures 
shown in Figure 2, 

In spite of the overall similarity of chain folding, however, functionally 
important structural changes have taken place during the evolution of the globins 
and these changes are best studied by techniques which focus attention on(1 ) 
the binding properties of the haem moiety, (2) the spectroscopic properties 
of the haem and the cavity in which it sits, or (3) the outer surface of the 
protein moiety itself—this being the region of a protein molecule which evolves 
most rapidly and which is responsible for its immunological properties, 

In this way, it has been demonstrated that the leghaemoglobins have 
interesting and unique liganding properties, C17, 18) while ultraviolet and circular 
dichroims spectra showCi#—25a) that leghaemoglobins differ from*higher” myo- 
globins and haemoglobins in the orientation of their haem residues and the nature 
of the haem cavity, while immunological studies have shown(22-253 that the 
“pace” of evolution in the leghaemoglobin has been rapid, We will summarize 
our findings using such techniques and attempt to relate them to the unusual 


oxygen—and other ligand-binding properties of the leghaemoglobins, 


Multiplicity and Variability of Leghaemoglobins 


The leghaemoglobin extracted from the root nodules of a single plant cultivar 
may be separated, by careful chromatographic procedures, into several distinct 
leghaemoglobins. Such a separationC20) is illustrated for the leghaemoglobins 
from soybean(Glycine max cultivar “Lincoln”) in Figure 3 (P.359). 

In addition to the peak representing cytochrome c there are at feast 5 
and possibly 6 leghaemoglobin peaks, The species have been separated and 
found to differ with respect to their amino acid contents and, in certain cases 
to a lesser but significant extent, their absorption spectra, Nevertheless, the 
functional (binding) properties and (as we shall see later) the overall folding 
patterns of the whole family of leghaemoglobins are remarkably similar, We 
have observed this multiplicity of leghaemoglobins within one plant cultivar 
using similar fractionation techniques for yellow Lupin, where 3 or 4 such 
proteins could be separated in good yield, The major leghaemoglobin component 
from lupin had a molecular weight which was indistinguishable from the major 


soybean component (“Leghaemoglobin a”) by sedimentation equilibrium mea- 
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Fig.3. A typical separation of soybean leghaemoglobins by ion~exchange chromatography on DEAE— 
cellulose eluting with an ecatate gradient (pH 5.2, 2). Reproduced from ref. 20 with 


permission of the publishers. 


surements (Thulborn, unpublished), We have also observed 4 major leghae- 
moglobin fractions from the subclover Trifolium subterraneum (cultivar Woo- 
genellup) (252) The possibility that the multiplicity of leghaemoglobins is a general 
feature in leguminous plant and that this may have some functional importance, 
has been discussed by NicolaC#8] and by Fuchsman et at, G 

Determination of the complete amino acid sequence has now been reported 
for leghaemoglobins from at least 4 different plants,¢?—11J one of which is the 
soybean Leghaemoglobin a component mentioned above, We may here add to 
this list the tentative sequences of two other components, namely Leghaemo- 
globin c, and Leghaemoglobin c,(2%a3 from the same soybean cultivar, Qur results 


are shown in Table 1, where comparisons are made with the sequences from 


other sources, 
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Vacant spaces represent identity with soybean Leghaemoglobin a which is 


taken as a basis for comparison, Sequences for Leghaemoglobin cl and cz have 


yet to be confirmed in the regions 110—140. The sequence for Leghaemoglobin 
a deviates from that of Ellfolk and SieversC1] in that the C—terminal and 


penultimate residues Ala and Lys are reversed, The horizontal lines labelled 


A to H, omitting D, approximately delineate the regions expected to be a— 


t, 
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helical if a structural homology with Sperm Whale myoglobin is assumed, The 
X—ray data of Vainshtein ef af.ig suggest that these assignments are probably 
broadly correct although exact delineation must await the detailed data of 
Vainshtein ef af,€16) used in conjunction with those of Egorov ef al GON 

Amino acid sequence determination on proteins is a time—consuming and 
expensive process, Even with the advent of the automated sequencer of Edman 
and Begg, C28] and improved methods of manual sequencing, a great deal of effort 
and ingenuity is needed to separate the fragmented peptides and identify the 
amino acid residues unambiguously as they are progressively removed, The 
dividends accruing from these prodigious efforts from so many laboratories, how- 
ever, are considerable, As this kind of information accumulates, the evolutionary 
history of the leghaemoglobins will become clearer and we will be able to fill 
in the links missing in the earliest branches of the genealogical tree of Figure 
i. The evolutionary history of these primitive plant haemoglobins contains 
within it, the answer to such intriguing questions as,“ what are the structural 
features necessary for efficient oxygen—binding and release?” and “How is the 
amino acid sequence related to chain—folding and ligand binding?”. 

The comparison of amino acid sequences in Table I reveals many interesting 
features which can be touched on only briefiy here, Firstly, the differences 
in sequence, be they substitutions, insertions or deletions, are much more 
extensive than those observed among the plant cytochrome c's, C6) comparing the 
closely—related broad bean, kidney bean and soybean, as many as one-third 
of the amino acid positions are different, Comparisons within a cultivar 
are even more surprising, Leghaemoglobin a, Leghaemoglobin cı and 
Leghaemoglobin cs from the same soybean cultivar show at least 17 
residue differences out of a total of 142 in the protein. Secondly, the changes 
are mostly“conformationally conservative”, that is, the types of amino acids 
appearing at any given position in the chain mostly conform to the same 
conformation—inducing grouping (preferring either helix, chain reversal or 
“other” states) 。[29] Further than that, if one compares the amino acid sequences 
of say soybean leghaemoglobin a (7,8) with those for the worm, lamprey, midge 
and human haemoglobins illustrated in Figure 2, the conformational conser- 
vatism is seen to be preserved throughout this enormous evolutionary span, 
This can be best iliustrated using a simple scheme for classifying the 20 amino 
acids according io their predilection for occurring in a—helices or in reverse 
turns (B —bends}, Figure 4 shows the results(26] using one such predictive 


scheme and that of Chou aud Fasman,G0) 
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Figeds Prediction of a—helical and P—bend regions for an ‘evolutionary—averaged’ globin using 
the values and rules of Chou and Fasman (907. The sequences for the globias of Fig. 2 
were aligned and each amio acid assigned a helix or B—bend potensial. potentials were averaged 
for each sequence position, providng the 日 一 bend (upper curve) and a—helical (lower curve) 
probabilities. The horizontal dashed line is the cut—off probability for B—bend formation 
The predicted conformation for this hypothetical globin is very similar to that observed for 
sperm whale myoglobin (bottom). 


The globins of Figure 2 are used here to describe an “evolutionary aver- 
aged” globin with predicted @—helical and bend probabilities indicated by the 
upper two curves and summarized by the horizontal full lines at the bottom, 
The lowest (dashed) series of horizontal lines shows that the known confor- 
mation of sperm whale myoglobin(30) fits the predicted scheme quite well, 
with regard to the location of a—helical and B—bend segments, Thirdly, 
if one assumes that the overall folding of the leghaemoglobins is similar, an 
assumption which seems likely from the X—ray studies of Vainshtein ef af 16) 
(see Fig, 2), from the correlations illustrated in Figure 4 and from the 
structural studies outlined in the next section, then the evolutionary changes 
within the leghaemoglobins are concentrated at the outer loops of the protein 
and occur much more infrequently in the interior of the molecule, This finding 
is in keeping with current views that the conformational and biological integrity 
of a protein depends largely upon its internal geometrical packing and 
that evolutionary adaptation is more apparent at the molecular interface with 


the environment, It will not be surprising, therefore, that the sequence changes 
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illustrated by Table I are reflected in dramatic changes in immunological 


specificity which are discussed later, 


Molecular Folding of Leghaemoglobins 


The overall similarity in molecular folding of the myoglobins and leghae- 
moglobins suggested by the predictive schemel26) of Figure 4 and the X—ray 
studies on lupin leghaemoglobin{16) is indicated also by the results of circular 
dichroism measurements, The technique of circular dichroism provides valuable 
information about the folding and asymmetry of molecules, and the information 
accruing depends uppn the region of the spectrum which is explored, Circular 
dichroism spectra in the far—ultraviolet have provided us with unequivocal 
evidence that lerhaemoglobins from a variety of plant sources (snake bean, 
broad bean, lupin, serradella, three cultivars of soybean and three of trifolium) 
have high a—helical contents varying in magnitude betwen 60 and 70% of the 
molecule, Typical circular dichroism spectra fram which such conclusions are 
drawn in reproduced in Figure 5 (P.364) for the major leghaemoglobin 
components from serradella and lupin in their cyanoferric forms, The 
magnitude of the extremum (È 072 is taken as a measure of the a—helix 
content, Apart from muscle and some keratin proteins, the globins are the 
only group of proteins with such high contents of a—helix and, taking all 
the evidence into account, it naw seems likely that the 8 helical rods char~ 
acteristic of Sperm Whale myoglobin, (3!) and coded A to H, are largely preserved 
in the globin family though their lengths vary slightly (especially the F helix) 
and the short D helix is sometimes distorted of missing(see Table I), 

Less obvious, are the differences between globins in the crevice which houses 
the haem group, Yet these are the differences which directly affect the electronic 
state of the iron atom and the avidity of the protein for oxygen and other 
ligands, We have used two physical techniques te explore the haem pocket of 
leghaemoglobins in an effort to explain their unusual binding properties compared 
to the mammalian myoglobins, The first is again circular dichroism but 
concentrating this time on those regions of the spectrum where the haem and 
its iron absorb polarised light, Haem proteins normally show a large circular 
dichroism band, often with a double peak, around 250—260 nm and it is 
diagnostic for electronic interaction between the haem disc and its protein 
environment, The band is more often positive than negative (for example in 
most haemoglobins, myoglobins and cytochrome c's) and its magnitude depends 
on the ligand— and oxidation 一 state of the iron. For a given ligand—and 
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Fig. 5. Circular dichroism spectra in the far—ultrayiolet region for the Cyanomet derivatives of 
leghaemoglabins from (a) sercadella, and <b) lupin, both in phosphate buffer (pH 6.98). 
Concentrations were 0-096 and 0.147% respectively, the scale sensitivity was 2 x 1o74 AA 
units/cm and cell path lengths 0.00096 dm. 


oxidation—state of a haem protein, however, the magnitude of the dichroic 
effect in the 250—260 nm region increases with the strength of interaction” 
between haem and protein,(#1) It is therefore significant that the effect is much 





* The change in the intensity at 260 nm on oxygenation is an even better indicator of the tightness 
of haem—protein interaction. Thus, the change in £8) 260 on oxygenation is greater for myoglobin 
than for leghaemoglobins, indicating that, as the iron atom moves into the plane of the haem disc, 
there are greater structural changes in the former protein. 
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greater for say mammalian myoglobin than for the plant leghaemoglobins, The 
difference is clearly seen in Figure 6 (a) where the near ultraviolet circular 
dichroism spectra for Sperm Whale myoglobin and lupin leghaemoglobin a are 
contrasted for their cyanoferric complexes, It is noteworthy that in subclover 
ferrileghaemoglobin€25a) the 260 nm band is completely absent (not shown here) 
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Fig. 6. (a) Circular dichroism spectra in the near—ultraviolet region for the cyanomet derivatives of 
《upper curve? Sperm Whale myoglobin (pH 7.06) and (lower curve) lupin leghaemoglobin I 
(pH 6.80). 
Kb) Circular dichroism spectra in the Soret region for the cyanomet derivatives of (upper 
curve) sperm whale myoglobin (pH 7.05) and lower curve) lupin leghaemoglobin (pH 
6.80). Reproduced from refs ,21 and 22 with permission of the publishers. 


reflecting an even weaker haem—protein interaction for this protein, 

Figure 6 (b) illustrates another marked difference between the circular 
dichroism spectra of these two groups of haem proteins—this time in the 300— 
450 nm (Soret) region of the spectrum, Again, such spectra change in position 
and amplitude with ligand—and oxidation—state, but for a given state, the 
myoglobin band is always positive while the leghaemoglobin band is negative, 
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Thus, in Figure (b) cyanoferric myoglobin has a circular dichroism peak 
at 420 nm with an amplitude of +1,25x105 deg cm2 dmole~1, while that 
for cyanoferric lupin leghaemoglobin a is at 402 nm and is—1,18x105 deg 
cm? dmole-1,Several conclusions may be drawn. The haem groups in the 
leghaemoglobins are all remarkably similar in orientation and environment, 
but differ in both characteristics from Sperm Whale myoglobin, For the purposes 
of the present discussion, however, the posttion of the Soret circular dichroism 
band on the wave—length scale is important, The generalization that the Soret 
bands for leghaemoglobins are shifted towards low wavelengths compared to 
the myoglobins is borne out by a study of their parent absorption spectral23) 
which show the same phenomenon for all liganded complexes of the two proteins, 
This finding is consistent with a more polar or more aqueous environment 
around the haem in leghaemoglobins than in myoglobin, Most aromatic chro- 
mophores show a blue shift in their spectra when transferred from a non— 
polar to a more polar solvent, a fact substantiated in both protein and in model 
systems, (82) 

At this point it is appropriate to introduce the second physical technique 
which has given us an insight into the nature of the haem environment in the 
leghaemoglobins, Although formidable in name, the technique is simple in 
concept, In thermal perturbation difference spectroscopy(23,32,33,35 Jone merely 
measures the change in a protein's absorption spectrum as a function of temper- 
ature, If one makes the measurements in the region of the spectrum where 
aromatic amino acids absorb (250—300 nm), an estimate of their exposure to 
the solvent can be made, If, on the other hand, the measurements are made 
in a region where the haem absorbs(350—480 nm), then the haem environment 
can be probed, 

Thermal difference spectra in the aromatic absorption region of myoglobin 
and soybean leghaemoglobin were dominated by the effects of the two tryptophan 
residues in each protein, In both cases, comparisons with model tryptophan 
systems suggested that of the two tryptophan:, one has its indolyi—NH group 
fully exposed to the aqueous solvent while the other appears to be in a non 一 
polar environment, we found this similarity at first disconcerting, assuming 
the two proteins to be conformationally homologous and using the known three- 
dimensional stricture of Sperm Whale myoglobin(31,34) and the known amino acid 
sequence of soybean leghaemoglobin a, (7,8) tryptophan residue Al2 in myoglobin 
is replaced by a phenylalanine residue in soybean leghaemoglobin a. The 


A12 residue is assumed to play an important role in acting as a “spacer” 
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between the A and E helices.In leghaemoglobin this sccond tryptophan 
appears at position Hg. A closer look at the myoglobin molecular model, (1, 341 
however, suggests that a tryptophan side chain at position H8, although remote 
in linear sequence from position A12,might well occupy a similar position 
between helices A and F provided that there were room) At any rate, it 
seems significant that the broad bean sequence also has a tryptophan residue 
at position H8 in place of one at Al2, 

Thermal difference spectra in the haem region of myoglobin and soybean 
leghaemoglobin show significant differences, when a solution of cyanoferric 
myoglobin is cooled, its Soret absorption band is shifted to longer wavelengths, 
while that of leghaemoglobin is shifted to shorter wavelengths, and the two 


“difference” spectra are as shown In Figure 7 (b). 
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Fig. 7. Normalised thermal difference spectra of (a> cyanomet haem in water(—O—), and in 
100% ethylene glycol(—@—); (b) cyaromet soybean leghaemoglobin a (—O—), and 
cyanomet sperm whale myoglobin(—Q—) both in phosphate buffer (pH 7.05, 0.02 M). 
Proteins were 14.0 uM. Insets: temperature dependence of the major positive difference 


peaks. Reproduced from ref. 23 with permission of the publishers. 


To illustrate our interpretation of these findings, we show (in Fig.7(a)) the 
thermal difference spectra when the “model” system cyanoferric haem is cooled 
either in ethylene glycol or in water as solvent, The shift to longer wave— 
lengths on cooling, is typical for chromophores in non—polar environments 
while the shift to shorter wavelengths is typical for more polar environments 
like water,(23,32,36) The conclusion that the haem in leghaemoglobia has access 
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to water molecules while that in myoglobin is inaccessible to water is consis- 
tent with the conclusions from the circular dichroism experiments outlined 
earlier, 

It is possible to check these conclusions and probe the polarity of the haem 
crevices with the haem moiety removed,This has the advantage in that any 
effects observed are free of possible complications due to changes in the spin- 
state of the iron as a result of temperature changes,* If the haem is removed 
from either of these proteins it can be shown spectroscopically?4 that the dye 
Rose Bengal will bind to the resulting apoproteins with a 1:1 stoichiometry 
and, by competitive titriation with haem, that the binding occurs in the 
vacant haem pocket, If aqueous solutions of the Rose Bengal—apoprctein com- 
plexes are now cooled, the dye spectra are shifted to different extents in the 
two proteins, (2) Figure 8 (by shows the spectra for the two proteins and these 
are to be compared with the spectra for the “model” systems of Rose 
Bengal dissolved in ethanol or in water shown in Figure 8 (a) (P.369). 
Although the resemblance between the proteins and their model systems is 
not as compelling as in Figure 7 for the haem comparisons, it is clear that 
Rose Bengal—leghaemoglobin is best modelled by the Rose Bengal—water system 
while Rose Bengal—myoglobin resembles the Rose Bengal—ethanol system, and 
that the haem pocket of myoglobin is therefore more non—polar than that of 
soybean leghaemoglobia a, 

The conclusions from the circular dichroism, absorption and thermal 
perturbation spectra may be summarized thus, 

(a) The interaction between the haem residue and its protein environment 
is not as strong in leghaemoglobin as in Sperm Whale myoglobin, The iron 
atom is not held as far out of the porphyrin ring and the haem pocket is 
more open and flexible, 

(b) The haem pocket in leghaemoglobin is not as non—polar as in myo- 

lobin and is probably accessible to water molecules, 

(c) The environments of the two tryptophans in the two proteies are 
very similar and although one of these is quite different in linear sequence 
position when comparing the two proteins, it may occupy a similar spatial 
position in the folded molecules, 

The first two conclusions are compatible with the very high oxygen affinity 


* Nevertheless, the complexes chosen for the experiments illustrated in Figure 7 are in the fully low— 
spin state throughout so that spin—state changes do not occur on cooling. 
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Figs 8 Normalised thermal difference spectra for Rose Bengal complexes, (a) Free Rose Bengal in 
water (—-O—) , and in 100% ‘ethanol (~@-~) ; (b) Rose Bengal bound to soybean 
apoleghaemoglobin a (—O—), and to sperm whale apomyoglobin G-@--) both in 
phosphate buffer (pH7.0, 0.1M) .Rose Benga! was 20 uM, apoleghaemogobin a was 20 
HM and apomyoglobin 24 uM. 


of the leghaemoglobins, since the more accessible and flexible haem pocket 
would make oxygen entry and binding energetically more likely, while the 
somewhat more polar haem environment would stabilise the iron 一 oxygen bond, 
once formed. C26, 363 

The conclusions also explain the ready autoxidisability of the leghaemo- 
globins, the readiness with which (unlike myoglobin) they bind bulky ligands 
like nicotinic acid even at low ligand concentrations(17, 182 and the relatively 
rapid rate of haem exchange with free haem, (71 

One may speculate about the structural basis for these differences in haem 
reactivity and environment between the leghaemoglobins and myoglobins, There 
is evidence from “form” difference spectraC2d] that the molecular events which 
attend the uptake of oxygen by haemoglobin as outlined by PerutzC38) occur in 


at least a qualitatively similar way within monomeric myoglobin, Oxygenation 
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of haemoglobin and probably myoglobin involves the concomitant rupture of a 
tyrosine (H22) hydrogen bond and the movement of this tyrosine side chain 
from a buried to a solvent—exposed position, This tyrosine is deleted in 
leghaemoglobins and its absence may minimize molecular rearrangements and 
reduce the free energy for oxygen binding, The substitution of tryptophan A12 
for a tryptophan at H8 in some leghaemoglobins may alter the orientation 
of the E helix so that the residues it presents to the haem are not so 
close as in myoglobin, It is the intimacy of the E helix—haem interaction 
which determines the extent to which the haem iron is held out of plane and 
therefore the avidlty ot the haemoglobin (or myoglobin} for oxygen,@8] The 
pursuit of such hypotheses for the relationship between amino acid sequence, 
spectroscopic properties and functional properties such as oxygen binding, provi- 
des a powerful incentive for further studies of all three facets of leghaemog!obin 


biochemistry. 


Immunological Comparisons of Leghaemoglobins 


Comparisons of immuno—cross—reactivity among any group of closely 
related proteins focus attention on the similarities and differences between their 
external surfaces—the outer loops and chain reversals which form the interface 
between the proteins and their environments, It is precisely these regions of the 
protein molecule in which th process of evolutionary selection is operating most 
rapidly, while the interior of the molecule is not immune from the evolutionary 
process, amino acid deletions, insertions or deletions resulting from random 
nucleotide base changes are less likely to be selected in the interior because 
in these regions they are more likely to be disruptive and lead to non-functional 
or lethal products. This is a direct consequence of the laws which relate amino 
acid sequence to protein conformation and which state that the functional 
conformation is that which has minimal free energy,¢-g-(392 The quantitative 
measurement of immunological relationships within the leghaemoglobin family 
and between this family and othet globins is therefore capable of placing them 
in an evolutionary framework and filling in some of the detail for the plant 
globins missing from Figure 1. 

In making such comparisons among a variety of leghaemoglobins of the 
Fabaceae family(22] we have concentrated mainly on a radioimmunoassay proce- 
dure originally developed by Farrf40] and described in detail by Minden and 
Farr,(41) Radioiodinated leghaemoglobin is allowed to compete with various 
amounts of a second{unlabelled) leghaemoglobin for antibodies to the first, 
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After equilibration, all antibodies and antibody complexes are precipitated 
with ammonium sulphate and the precipitate counted for Iodine—125, The way 
in which the results are plotted and the types of curves which might in prin- 
ciple be obtained(42) are illustrated diagrammatically in Figure 9. It is possible, 





% Labelled Homologous Antigen Bound 


Log amount Competing Antigen 
一 一 一 > 


Fig, 9. Types of inhibition curves seen in the radio—immunoassay procedure.The ordinate shows 
the percentage of labelled antigen bound to its homologous antiserum and the abscissa 
shows the log of the amount of unlabelled competing antigen present.1, the inhibitor is 
homologous antigen; 2, some of the determinants on the competing antigen are attenuated 
and some are unaltered relative to the homologous antigen; 3, all of the determinants 
are attenuated relative to the homologous antigen and 4, some determinants are attenuated 
and some are altered to the extent that they are not recognized at al) by the antibodies 


in the assay. 


from curves of this type, to measure the extent to which competing antigenic 
proteins are related to the homologous antigen, One can distinguish, for 
example, between cases where the competing protein contains the same number 
of determinants of unchanged binding affinity, cases where some or all deter- 
minants have been lost and cases in which all determinants are still present 
but some or all have been attenuated in binding affinity compared with the 
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homologous protein, we have encountered each of these cases in our studies 
of leghaemoglobins,(22, 253 
A comparison of radioimmunoassay data for leghaemoglobins from a 


variety of sources is illustrated in Figure 10.(a,b, P,372,c, P.373) 






一 0 一 0 一 0 一 0- 


—à 
3 
o 


80 


60 


40 


20 


% 125T-Soybean Lb a Bound 


0 1-0 2-0 3-0 40 
Logi, ng . Competing Antigen 


(a) 


50 


%'*]-Soybean Lba Bound 


10 20 3-0 40 50 60 
log, ng Competing Antigen (b) 


For the purposes of comparison, the data in Figure 10 all relate to a 
single type of hyperimmune antiserum—that raised in sheep against soybean 
leghaemoglobin a, The results illustrated in Figurel0(a) show that different 
leghaemoglobins from the same plant (soybean) are immunologically distin- 


guishable although they share the same number of determinants, comparison of 
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Fig. 10. Radioimmunoassay curves obtained for: 
a) Soybean leghaemoglobin a (—@—),cl (e), 2(—), lupin leghaemoglobin 1 (~-O—) 
and clover leghaemoglobin I (—A—). 
by Soybean leghaemoglobin 2 (—@—), serradells leghaemoglobin IE (-O—), snake bean 
leghaemoglobin I (—&—) and broad bean leghaemoglobin (-H—). 
c) Unfractionated jeghaemoglobin from soybean cultivars (Lindarin(—U—) , Eethal(—A—) 


and Lincoln(¢—@—). 
For all the above leghaemoglobins, competition was with 125]—Soybean leghaemoglobin 
a (Lincoln cultivar) for its homologous antiserum. 


the soybean curves with those shown in Figure 9 suggest that not all of the 
determinants of soybean leghaemoglobin c and c 2 are attenuated relative to 
soybean leghaemoglobin a, In the same figure it is seen that a leghaemoglobin 
isolated from clover is able to inhibit the homologous soybean reaction, although 
only to the extent of 12%, which suggests that only one determinant is shared 
by both the clover and soybean leghaemoglobins, On the other hand, lupin 
leghaemoglobin is unable to compete for the soybean leghaemoglobin a antibodies 
at all, which reflects the extensive amino acid sequence differences between 
the two leghaemoglobins which have already been discussed, This absence of 
lupiu—soybean cross—reactivity has been confirmed using antisera to the lupin 


protein , {251 
In Figure 10 (b) it is seen that serradlla leghaemofobin is able to completely 


$24 oe + F # iğ 


inhibit the homologous soybean reaction, showing that all determinants are 
recognizable, though the lateral displacement of the inhibition curve shows 
severe attenuation of binding affinity, indicative of extensive amino acid sequence 
changes, Still further attenuation is observed with snake bean leghaemoglobin, 
50% inhibition of the homologous soybean reaction requiring a 3000—fold 
excess of the snake bean protein, In this case, there is also an indication that 
not all determinants are present, since the curve shows no sign of producing 
100% inhibition even with very large excesses of the competing protein, This 
has been substantiated by immunodiffusion tests, C522] Broad bean leghaemoglobin 
also only partially inhibits the homologous soybean reaction at large excesses 
of competing leghaemoglobin, The maximum inhibition (25%) is less than 
that seen with snake bean leghaemoglobin showing that broad bean is more 
distantly related to soybean than is snake bean, For the sake of comparison, 
the immunological relationships between unfractionated leghaemoglobins from 
three different cultivars of the same plant species(soybean) are shown in Figure 
10 (c). They are seen to be very closely related, exhibiting the same number 
of determinants with identical affinities, The clover leghaemoglobins provide 
an immunological bridge between the distantly—related lupin and soybean 
proteins, since they cross—react with both, albeit weakly (20% with the former 
and 12% with the latter) ,C25) 

Using immunological cross—reactivity data of this type it is possible to 
build up trees of immunological relationships which probably reflect the extent 
af evolutionary sequence changes within cultivars of a species, between species 
within a genus, and between genera of a tribe and finally between tribes of a 
family, Our studies so far have taken us only a little way along this path and 
can be summarized in the rather modest phylogenetic tree(25) seen in Figure 11, (P. 
375) In this figure the phylogenetic relationships deduced from the immunological 
data presented (right—hand side) are compared with those deduced from Senn(43) 
based on conventional taxanomic data, Assuming that lupin represents the 
most primitive leghaemoglobin, the two trees compare very favourably, with 
the exception of serradella, However, there appears to be some confusion in 
the literature as to the correct positioning of the coronilleae in the Fabaceae, 


CONCLUSIONS 


It may seem foolhardy to a classical geneticist to attempt to construct 


phylogenetic trees for plants by studying immunochemical relationships betwecn 
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Conventional Taxonomy Immunological 
(Senn) Relationships 
Glycineae Phaseoleae Broadbe 
(Soybean) [snakebean) i 
Vicieae 
(Broadbean) epee 
Trifoliea 
Wa soybean Serradeila 
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l ? _Coronilleae Lupin 
Genisteae -一 一 (Serradella) 
(Lupin) 
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Fig. 11. Two phylogenetic trees constructed for some legumes of the Fabaceae family using 《right- 
hand side) conventional taxonomy* and (left—hand side the) the immunological data 


discussed is the text. 


a group of proteins which represent only a handful of gene products from 
each plant. In our defence we might argue, as we did in the Introduction, that 
this approach has served well for single gene products such as the serine pro- 
teases, lysozymes, cytochrome c's, for the subunits of lactate dehydrogenases 
and others, So far, forthe leghaemoglobins, we have not struck any anomalies 
when comparing our derived “trees” with those based on more orthodox tax- 
onomical and morphological studies, fragmentary though these are, we might 
also argue that leghaemoglobins play such a basic role in the early stages of 
nitrogen fixation that their choice as a phylogenetic indicator for the legumes 
might justified, This argument, of course, takes no account of differential 
evolutionary pressures exerted on the leghaemoglobins and the plant as a whole 
as a result of the latter's symbiotic dependence on the appropriate rhizobium, 

In summary, the approaches to the evolution of structure and function of 
the leghaemoglobins which we have outlined are designed to (a) describe the 
folding of the leghaemoglobin molecule especially in the regions which are 


important for its conformational integrity or for the binding of the haem moiety, 
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站 
(b) measure the changes which occur around the haem when leghaemoglobin 
binds oxygen or other ligands which may be important for its biological 
function, (c) compare the leghaemoglobin family immunologically so as to 
estimate evolutionary relationships within the family and between the leghae- 
moglobins and other globins, and (d) determine the amino acid sequences of 
key leghaemoglobins so that the relationship between evolutionary changes in 


sequence, conformation and function may be understood. 
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中 文摘 要 


本 文 分 别 从 不 同 的 植物 中 分 离 出 豆 殷 痢 血 红 和 蛋白， 对 这 些 不 同 来 源 的 豆 根瘤 血红 重 
折 的 结构 以 及 免疫 化 学 性 能 进行 了 比较 研究 。 取 得 豆 根 痢 血红 蛋白 的 植物 是 : SHR 
培 品 种 的 大 豆 ， 三 种 不 同 栽培 品种 的 三 叶 草 、 蛇 豆 、 剧 豆 、 白 羽 扇 豆 以 及 serradella 等 共 
十 种 植物 。 检 验 过 的 性 质 包 括 ， 免 疫 化 学 交叉 反应 ,吸收 ,热能 差异 ， 偏 光 圆 二 色 性 光谱 
以 及 这 些 光 谱 的 配 体 粘 合 效 应 等 。 这 篇 报告 里 还 提出 了 两 种 新 的 大 豆 的 豆 根 瘤 血 红 蛋 白 
的 氨基 酸 序 列 。 

这 些 豆 根 痛 血红 蛋白 都 具有 比较 稳定 的 0 螺旋 成 份 而 且 含量 很 高 (60 一 70%) ， 这 
表明 这 些 豆 根 痛 血红 蛋白 的 整个 分 于 是 招生 的 。 这 些 捆 状 的 分 子 性 状 ,不 但 徙 此 类 似 ,而 
且 与 较 高 级 的 肌 红 蛋白 与 血红 蛋白 相 一 致 。 可 是 , 血红 素 部 分 , 在 豆 根瘤 血红 蛋白 中 的 世 
置 却 与 较 高 级 的 山 红 蛋白 不 相同 ， 在 肌 红 蛋 白 这 一 类 较 高 级 的 高 分 子 化 合 物 里 ， 血 红 素 
是 紧密 地 与 蛋白 质 “ 口 偶 ” 联 系 在 一 起 的 ， 这 种 “口袋 ” 是 比较 容易 吸水 的 ! 而 豆 根 妆 
血红 蛋白 中 的 血红 素 与 其 蛋白 质 “ 口 找 ” 的 联系 就 不 那么 紧密 。 两 者 间 的 这 种 差异 ， 就 
可 能 说 明 豆 根瘤 血红 蛋 岂 所 具 不 寻常 的 配 体 粘 合 性 能 ， 包 括 它 的 高 度 氧 亲 合力 。 

在 从 同一 株 植 物体 内 所 分 离 出 来 的 各 组 豆 根瘤 血红 蛋白 或 从 同一 种 的 不 同 栽培 品种 
植物 所 分 离 出 来 的 各 组 豆 根 将 血红 蛋白 间 ， 存 在 车 完全 的 免疫 交叉 反应 WAIA 
物 分 离 出 来 的 豆 根 痢 血红 蛋白 间 ， 则 表现 相当 大 的 差异 。 用 对 比 的 放射 免疫 测定 技术 所 


380 动 te 学 研 并 1% 


测 得 的 数量 结果 ， 使 我 们 能 够 将 具有 代表 性 的 各 种 豆 根 痢 血红 蛋白 彼此 间 的 系统 发 育 关 
系 确 定 下 来 。 在 种 内 与 种 间 运用 免疫 交 又 反应 ， 使 我 们 能 够 取得 如 此 细 粗 深入 的 结果 ， 
即 在 豆 科 植物 的 进化 过 程 中 ， 种 内 与 种 间 豆 根 闯 血红 蛋白 差异 的 实质 ， 是 基于 蛋白 奈 分 


子 中 所 大 量 出 现 的 氨基 酸 替换 。 








